By use of the Bacillus subtilis bacteriophage cloning vehicle 4]O5J23, B. subtilis chromosomal MboI fragments have been cloned that alleviate the pleiotropic effects of the recE4 mutation. The recombinant bacteriophages +105Rec+1 (3.85-kilobase insert) and +105Rec44 (3.3-kilobase insert) both conferred on the recE4 strain YB1015 resistance to ethylmethane sulfonate, methylmethane sulfonate, mitomycin C, and UV irradiation comparable with the resistance observed in recE+ strains. While strain YB1O15 (recE4) and its derivatives lysogenized with bacteriophage +105J23 were not transformed to prototrophy by B. subtilis chromosomal DNA, strain YB1015 lysogenized with either +105Rec+1 or 4105Rec+4 was susceptible to transformation with homologous B. subtilis chromosomal DNA. The heteroimmune prophages +105 and SP02 were essentially uninducible in strain YB1015. Significantly, both recombinant prophages 4dO5Rec41 and +105Rec4o4 were fully inducible and allowed the spontaneous and mitomycin C-dependent induction of a coresident SP02 prophage in a recE4 host. The presence of the recombinant prophages also restored the ability of din genes to be induced in strains carrying the recE4 mutation. Finally, both recombinant bacteriophages elaborated a mitomycin C-inducible, 45-kilodalton protein that was immunoreactive with Escherichia coli recA+ gene product antibodies. Collectively, these data demonstrate that the recE+ gene has been cloned and that this gene elaborates the 45-kilodalton protein that is involved in SOB induction and homologous recombination.
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There are several lines of evidence which firmly indicate that the Bacillus subtilis recE+ gene is at the center of a global regulatory network that is analogous to the system that modulates the Escherichia coli SOS response (22) (23) (24) (25) 42) . In B. subtilis, functional recE+ gene expression is a prerequisite for homologous genetic recombination (12, 19) , prophage induction (23, 28, 30, 42) , and the phenomenon of damage-inducible (din) gene expression (22) . Lesions that abrogate functional recE+ gene expression increase host sensitivity to chemical (12) and physical (15) DNA-damaging agents. Significantly, a recombination protein (Recbs, thought to be the recE+ gene product) gene is itself damage inducible and is also expressed at elevated levels when the host strain is brought to competence, that is, it is also competence inducible (cin) (9, 10, 22, 24) . This last characteristic may be construed as a developmentally regulated phenomenon. Recbs is immunologically reactive with the E. coli RecA protein (25) . Like the RecA protein, the B. subtilis Recbs possesses a DNA-dependent ATPase activity and can effect DNA strand transfer in vitro (25) . Lastly, it has recently been demonstrated by deVos et al. (8) and Love and Yasbin (24) that a functionally expressed E. coli recA gene can restore (with the exception of prophage induction) the SOS-like (SOB) response in B. subtilis recE4 mutants.
To further investigate the role of the recE+ gene in the SOB response and to determine if Recbs is the product of the recE+ gene, the recE+ gene was cloned into the B. subtilis bacteriophage vector 4105J23 (13) and recombinant prophages were assayed for the ability to alleviate the pleiotropic effects of the recE4 mutation. The (28, 31) . Plasmid pBMF103 is a derivative of the bifunctional plasmid pMK3 (38) (3) . Bacteriophages were propagated and assays for infectious and transducing activities were performed as previously described (29) . Lysogenization of sensitive strains of B. subtilis with bacteriophages 4105 and SPO2 and the tests for immunity to superinfection by these two bacteriophages have been previously described (28, 30) .
Pieparation of bacterial and bacteriophage DNA. Chromosomal DNA from strain YB1011 was extracted and purified by the method of Lovett and Keggins (26) . Partial digests of YB1011 DNA, by using restriction endonuclease MboI (Be- 43 15 15 This Generation of B. subtilis chromosomal library. All manipulations involving B. subtilis protoplasts used disposable glass and plastic containers and followed a procedure modified from that of Errington (13) . Strain YB886 was grown in 40 ml of PAB to 30 to 35 Klett units. A viable count was performed on TBAB plates, and the cells were harvested and suspended in SMMP plus 2 mg of lysozyme per ml (Sigma Chemical Co.) The cells were incubated at 37°C with very gentle rotary shaking (50 to 60 rpm). The degree of protoplast generation was gauged by microscopic examination. Typically, the removal of the cell wall is complete after 1 h of incubation. The protoplasts were harvested at 2,600 x g for 15 min at room temperature, the supernatant was gently decanted, and the pellet was gently suspended in 5 ml of SMMP. The harvesting procedure was repeated, with the final suspension in 4 ml of SMMP. At room temperature, the protoplasts were found to maintain their viability for at least 5 h. In this study, protoplast regeneration frequencies ranged from 10 to 30%. Transfection was accomplished as follows. To 0.5 ml of protoplasts was added 50 pI of ligated target and vector DNA (previously mixed 1:1 with 2x SMMP); 0.5 ml of isotonic polyethylene glycol was added, and the preparation was gently mixed for 2 min. From 0.1 to 0.3 ml of the preparation was added to 3 ml of molten (45°C) isotonic top agar along with 0.1 ml of a late-exponential-phase culture of strain YB886 grown in PAB. The preparation was gently mixed twice by inversion and poured onto the surface of a prewarmed (37°C) DM3 plate. The plate was gently swirled to mix the top agar, allowed to solidify, and incubated overnight. Each plate thus prepared typically yielded 2,000 to 10,000 plaques. Mixtures containing 5 [l of transfected protoplasts were used to gauge the efficiencies of ligation and transfection. Typically, 1.0 x 105 to 5.0 x 105 transfectants per pg of 4105J23 vector DNA were recovered. To harvest the bacteriophage pools, 5 ml of PAB was added to each transfection plate and the top agar was scraped with a bent sterile Pasteur pipette into separate plastic centrifuge tubes (SS-34; Ivan Sorvall, Inc.). The suspensions were vortexed for 30 s, and the tubes were held at 40C for 1 to 2 h. The suspensions were centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatants were sterilized by filtration (0.45-nm-pore-size Uniflo filter; Schleicher & Schuell, Inc.) and stored at 4°C. The resultant pooled bacteriophage lysates exhibited infectious activities of 106 to 107 PFU/ml. Each of five bacteriophage pools were screened for the ability to transduce the recE4 strain YB1015 to EMS resistance (EMSr). To 0.2 ml of late-exponential-phase strain YB1015 cells was added 0.1 ml of the bacteriophage pool. The mixture was incubated at 37°C for 20 min with rotary shaking, and transductants were selected on TBAB plates containing 0.2% EMS.
UV irradiation. The resistance of liquid bacterial cultures to UV irradiation was determined by the procedure of Friedman and Yasbin (15) .
Damage-inducible (din) gene expression kinetics. All B. subtilis strains assayed for damage-inducible (din) gene expression harbored the gene fusion din-22::Tn917-1acZ, and the 3-galactosidase activity was quantitated as previously described (22) .
Immunodetection of Recbs. B. subtilis strains to be assayed for damage-inducible expression of Recbs were grown in 1 x MG to 30 Klett units. The cultures were split and either were left uninduced or were induced with 0.5 ,ug of MC per ml. Incubation was continued for 45 min, and 1.0-ml samples were prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis by using a 10% Laemmli gel (21). Electrophoresis proceeded at 35 mA for 3.5 h at 4°C. The proteins were electrophoretically transferred to a nitrocellulose membrane, and the immunodetection of the approximately 45-kDa Recbs protein was performed essentially by the procedure of Lovett and Roberts (25) , incorporating the modifications of Love and Yasbin (24) . E. coli RecA antiserum was prepared against purified E. coli RecA protein purchased from Bethesda Research Laboratories. The secondary antibody was an affinity-purified goat antirabbit horseradish peroxidase conjugate. Both the secondary antibody and the reagent that develops the horseradish peroxidase (4-chloro-1-naphthol) were purchased from Bio-Rad Laboratories.
Labeling of proteins in irradiated and bacteriophage-infected cells. The following procedures have been adapted from those of Kawamura and Ito, which were used to demonstrate the bacteriophage +29-directed synthesis of mRNA in UV-irradiated B. subtilis cells (18 (Tables 1 and 2 ). tion ( Fig. 1) (16) containing the cloned B. subtilis sequences harbored by the recombinant bacteriophages 4105Rec44 and 4105Rec4+4. Future experiments may also examine the mechanism by which enhanced prophage induction proceeds in a genetic environment that characteristically prevents prophage excision and subsequent lytic replication (23, 30) .
Effect of l05Rec+ prophages on homologous recombination. B. subtilis recE4 mutants are defective for homologous recombination involving both chromosomal (12, 23) and extrachromosomal DNA (19) . An analog of the E. coli RecA protein, the Recbs protein mediates homologous strand exchange in vitro and in vivo (10, 25) . It is also essential for donor-recipient complex formation during chromosomal transformation of competent B. subtilis cells (12) .
To determine the effect of the prophages 4105Rec44 and 4105Reco)4 on homologous recombination, recE4 strains were lysogenized with vector and recombinant prophages and subjected to (i) plasmid transformation by using the pUB110-derived plasmid pPL603 (40) , with selection for resistance to neomycin sulfate (Nmr); (ii) chromosomal transformation by using homologous B. subtilis DNA, with selection for tryptophan prototrophy (TrpC+); and (iii) transfection by using heteroimmune SP02 prophage DNA and assaying for infectious centers on M medium (2, 35) ( Table 2 , footnote c). The transforming plasmid was pMK4 (1 ,ug/ml), and selection was for Cmr (see Table 1 ).
transformation was undetectable. The resident 1405J23 prophage in strain YB1057 did not alleviate the recombinational deficiency of the host strain. However, the recE4 lysogenic strains YB1058 and YB1059, harboring the recombinant prophages 4105Rec4il and 4lO5RecO4, respectively, each exhibited a nearly wild-type transfection frequency and were also transformed with plasmid and chromosomal DNA at a frequency of approximately 103 transformants per 108 cells. These decreased levels of both plasmid and chromosomal transformation are consistent with the recipient harboring an inducible prophage (16; see below). Both plasmid and chromosomal transformation are severely reduced (2 orders of magnitude) when the recipient strain being brought to competence is lysogenic for a nondefective prophage (16, 44) . The reduction in transformation is due to the selective induction of prophages in the competent subpopulation (45) . The phenomenon also requires a functioning recE+ gene, as evidenced by the high plasmid transformation frequency obtained with the lysogenic recipient strain YB1057 (Table 3) . Recovery of transfectants, however, is not dependent on the continued viability of the host cell (44, 46) . Thus, the chromosomal transformation and elevated transfection frequencies reported here with recipient strains YB1058 and YB1059 most likely represent the complementation of the recombinational deficiency associated with the recE4 mutation. That this complementation phenomenon is associated with a resident recombinant prophage is evidenced by the fact that strain YB1058 cured of prophage 4105Rec44 exhibited the decreased transfection frequency and lack of chromosomal transformation characteristic of recE4 mutants. The low plasmid transformation frequency in this instance may reflect the use of the Cmr plasmid pMK4. The usual Nmr selection was not possible, since the resident plasmid of the recipient, pBMF103, harbored this resistance determinant.
Induction of +105Rec4 prophages and their effect on the induction of a coresident SPO2 prophage. Induction of nondefective prophages in B. subtilis is a characteristic of the SOS-like (SOB) response (42) . Liberation of bacteriophage occurs spontaneously at low levels and can also be induced with UV radiation or chemical DNA-damaging agents (23, 24) . Additionally, the liberation of bacteriophage can be induced during the development of competence (16, 45) . The damage-inducible (din) and competence-inducible (cin) manifestations of prophage induction in B. subtilis require a functional recE+ gene (23) .
The inducibility of the recombinant prophages 4105Rec4)1 and 4i105Rec44 was determined in rec+ and recE4 backgrounds ( Rec4o or 4l105Rec44 exhibited a spontaneous liberation of bacteriophage over a 90-min period of approximately 104 PFU/ml. Levels of released bacteriophage were increased approximately 100-fold when these lysogens were induced with MC. In a recE4 host, only the lysogens carrying the recombinant prophages, strains YB1058 and YB1059, exhibited the spontaneous and MC-dependent induction of bacteriophage characteristic of the recE+ genotype (Table 4) . Both strains YB1015(4105) and YB1057 exhibited spontaneous induction frequencies of approximately 102 PFU/ml and were not inducible by MC.
To further characterize the recombinant prophages 4105Rec41 and 4105Rec4A, their effect on the induction of a coresident heteroimmune SP02 prophage (2) was examined. The rationale for these experiments was to demonstrate that induction in a recE4 host was not unique to the 4105 recombinant prophages and to demonstrate an effect in trans on SP02 prophage induction. The att sites for bacteriophages 4105 and SP02 are not linked (7, 36) , and SP02 prophage induction is dependent on the presence of a functional recE+ gene (30) . Supernatants and lysates were derived from both recE+ and recE4 double lysogens carrying prophage SP02 and 4105 wild-type or recombinant prophages. Bacteriophage infectious activity was assayed by using a strain YB886 (4105) lawn.
All recE+ hosts exhibited a spontaneous accumulation of approximately 104 SP02 PFU/ml over a 90-min period. Prophage SP02 induction was enhanced 50-to 100-fold when lysogens were exposed to MC. In contrast, the recE4 lysogens YB1015(SP02) and YB1063 did not spontaneously release detectable levels of bacteriophage SP02 particles nor was the SP02 prophage induced with MC in these hosts. Significantly, the 4105 recombinant-prophage-carrying double lysogenic strains YB1064 and YB1065 exhibited spontaneous and MC-dependent SP02 prophage induction frequencies nearly comparable with those exhibited in a recE+ background. The slightly lower yield of SP02 bacteriophage may reflect a dependence by SP02 on a function associated with the host recE+ locus that is not provided by either recombinant 4105 prophage. Nonetheless, the presence of a recombinant 4105 prophage allowed the in trans recE+-dependent induction of the heteroimmune SP02 prophage in a recE4 host. din gene expression in strains harboring +1OSRec4 prophages. All B. subtilis strains assayed for damage-inducible (din) gene expression harbored the gene fusion din-22:: a Lysates were generated from designated lysogens and assayed for infectious activity as described in Materials and Methods. Spontaneous liberation of bacteriophage over a 90-min period was assayed as previously described (23) . Induction was performed by using mid-exponential-phase (30 Klett units) cultures grown in M medium and treated with 0.5 jig of M-C per ml.
b Lysates generated from these strains were assayed for bacteriophage SP02 infectious activity by using a strain YB886(4i105) lawn.
Tn917-lacZ (22 (-and O) with 0.5 ,ug of MC per ml at time zero. Aliquots were taken at the indicated times and assayed for P-galactosidase specific activity as previously described (22) . 9 , nonlysogenic derivatives of the recE4 din-22 strains YB1070 and YB1071 cured of their resident 4lOSRec4l and 4i105Rec+4 prophages, respectively (see Table 1 for strain designations). 3-galactosidase specific activity is shown in units per culture optical density at 600 nm (OD6.) (32 respectively, each exhibited MC-dependent ,B-galactosidase activity (Fig. 2) . The recE4 4105J23 lysogenic strain YB1069 did not exhibit P-galactosidase activity ( Fig. 2A ). In contrast, the recE4 din-22 strain lysogenized with either recombinant prophage exhibited inducible P-galactosidase activity comparable with that exhibited by the respective recE+ lysogens ( Fig. 2B and C (6) have demonstrated that bacteriophage 4105 infection of B. subtilis minicells results in the synthesis of bacteriophage-coded proteins ranging in molecular size from 12 to 100 kDa (6) . The molecular size of the Recbs protein has been estimated to be 43.5 to 45 kDa (10, 24, 25) .
Infection of previously UV-irradiated strain YB1O15 cells with bacteriophages 4105Rec4ol or 4105Rec44 in the presence of radiolabeled amino acids revealed, in addition to the bacteriophage-coded proteins, the presence of a 45-kDa protein upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography (Fig. 3A) . To further characterize the 45-kDa protein, the same filter used for autoradiography was subjected to Western (immunoblot) analysis as described in Materials and Methods. The 45-kDa protein was found to be immunoreactive with E. coli anti-RecA protein antibody (Fig. 3B) . That the synthesis of the 45-kDa protein was not influenced by the presence of plasmid pAG101 indicates that the cloned recE+ gene is not under the control of a repressible bacteriophage-coded element. Moreover, Western analysis has revealed that the cloned recE+ gene exhibits a characteristic din phenotype (24; data not shown).
Analysis of recombinant bacteriophage genomes. Restriction endonuclease site mapping and Southern hybridization analysis revealed that the genomes of bacteriophages 4105 Rec44 and 4105Rec4A harbor inserts that overlap by approximately 2 kb (Fig. 4) . This value exceeds the coding capacity necessary for a 45- , Bacteriophage 4105J23 vector DNA; rzzi, strain YB1011 chromosomal DNA MboI-generated fragments cloned, resulting in the recombinant bacteriophages 4l105Rec4il (3.85 kb) and 4l105Rec44 (3.3 kb); i, approximately 2-kb region shared by the two clones as determined by restriction and Southern hybridization analyses. Restriction sites, B/M, BamHI/Mbol hybrid site; E, EcoRI; P, Pst; S, Sall; SM, SmaI; ST, SstI; X, XbaI. A dissection of the genetic regulatory elements responsible for din (22) and cin (22, 24) recE+ gene expression is now possible and will aid in the examination of the SOB response in B. subtilis (23) . Also, a comparison of the recE+ gene with the recA analogs recently cloned from members of other procaryotic genera (1, 17, 20, 34) will aid in elucidating the pattern of genetic and functional conservation exhibited by these genes and their products.
